Genetic systems for study of Aeromicrobium erythreum, a gram-positive, G+C-rich 
Erythromycin is a clinically important macrolide antibiotic produced by Saccharopolyspora erythraea and, although less appreciated, by the unicellular, gram-positive bacterium Aeromicrobium erythreum (formerly Arthrobacter sp. strain NRRL B-3381; 6, 17) . Biosynthesis of the erythromycin 14-membered lactone appears to occur by a series of repeated condensations that resemble the reactions characteristic of fatty acid synthesis (18) , whereas resistance to the antibiotic usually occurs by methylation of a specific adenosine residue in 23S rRNA (2, 27) . Expression of the corresponding macrolide-lincosamide-streptogramin (MLS) resistance genes in antibiotic-producing bacteria is either constitutive (e.g., carB, ermE) or under translational attenuation control (e.g., ermSF) (3, 5, 10, 23) . The taxonomic position of A. erythreum among the nonsporulating G+C-rich actinomycetes (17) and its capacity for erythromycin production throughout growth have prompted studies of antibiotic resistance in this bacterium (20, 21) . To enhance genetic analysis of erythromycin metabolism and other metabolic processes in A. erythreum, a survey of potential plasmid cloning vectors, a chemical mutagenesis procedure, and an approach to directed chromosomal-gene disruption were undertaken. The Plasmid cloning vehicles. Plasmid DNA was introduced into the A. erythreum wild-type strain AR18 by using a protoplast transformation procedure (20) . Protoplasts were combined with 1 to 2 ,ug of the plasmid DNAs indicated in Table 1 , and the transformation frequencies were determined by counting antibiotic-resistant colonies of AR18 that appeared in 4 to 7 days at 32°C on thiostrepton-containing R2YE medium (8) . Most derivatives of the high-copy-number streptomycete plasmid pIJlOl replicate in A. erythreum, as expected from the previous description of A. erythreum transformation with pIJ702 (20) . Other pIJlOl-derived plasmids (i.e., pIJ364 and pIJ424) carry additional antibiotic resistance genes (vph and aph, respectively) and can be used as gene-cloning vectors in A. erythreum (however, see below). Derivatives of the high-copy-number plasmids pVE1 and pJV1, originating from Streptomyces venezuelae (15, 19) and Streptomyces phaeochromogenes (1), respectively, were readily introduced into A. erythreum (Table 1) BamHI; E, EcoRI: and S. SacI).
AR1807. The E. coli plasmid pUC8 (24), which does not replicate in A. ervthreutm, was used as the vector for delivery of disrupted ermR into recipient cells. Because A. ervthreum had been shown to be kanamycin sensitive (17) and because plasmids such as pVE209 that carry aph (Table 1) confer kanamycin resistance on A. ervthreum, the aph gene of Tn9O3 was chosen as the selectable marker (kanamycin or neomycin resistance) for recombination. The ermR replacement vector pAR13 (AerrnR::aph) was constructed by replacing a 1.5-kbp Sacl fragment of pAR2 (Fig. 1) Protoplasts of strain AR1807 were prepared (20) , transformed with pAR13, and spread onto R2YE regeneration medium (8) . After 15 to 24 h at 32°C, the cells were overlaid with soft agar containing neomycin sulfate at 80 ,ug/ml. After approximately 4 days at 32°C, rare Neor colonies were obtained. Three colonies grew from transformations of AR1807 with 2 p.g of pAR13 DNA. Two of these isolates were Kanr ErmS (strains AR1848 and AR1849), whereas one was Kanr Ermr (strain AR1850). Identical transformation conditions produced 1,500 thiostrepton-resistant transformants per ,ug of pIJ702 DNA. The fre-quency of integrative recombinants obtained per microgram of DNA was therefore at least 2 to 3 orders below that of replicative transformation.
Growth properties of Kanr recombinants. Figure 2 shows that wild-type and gene replacement strains grew in TYE broth with a doubling time of approximately 2 h, demonstrating that integration of the exogenous DNA did not significantly alter cell growth. To examine whether ermR encodes the sole methyltransferase responsible for MLS resistance in A. erythreum, the sensitivity of strains AR1848 and AR1849 (AermR::aph) to MLS was tested. AR18, AR1807, and AR1850 (Ery-Erm) were resistant to clindamycin, erythromycin, spiramycin, and tylosin (some sensitivity to tylosin was observed at high concentrations), whereas the ermR-disrupted strains AR1848 and AR1849 were highly sensitive to erythromycin (Fig. 2) and the other macrolide antibiotics (determined by disk diffusion assays). Therefore, unlike some of the other macrolide-producing bacteria (5, 10), A. erythreum does not have multiple resistance determinants. For the nonproducing parent strain AR1807, there was no delay in the onset of the erythromycin resistance phenotype, confirming that ermR is constitutively expressed.
Chromosome arrangement of recombinant strains. Southern blots (8) were used to examine the region of recombination at ermR. Chromosomal DNA prepared from each strain was treated with BamHI and, following electrophoresis through 0.8% agarose, was transferred to a GeneScreen (Dupont) blotting membrane. An approximately 4-kbp BamHI fragment purified from pAR2 ( Fig. 1) was used as the 32P-labeled probe (16) . Results in Fig. 3 show that the probe hybridized to the 4-kbp ermR region of the wild-type strain and to an identical-size fragment from the Ery-strain AR1807. No apparent alteration in the AR1807 ermR region was detected as a consequence of EMS mutagenesis of AR18. Specific chromosomal alterations were detected in the Kanr recombinant strains. The strong hybridization signal at 3.8 kbp for AR1848 and AR1849 was the expected size for replacement of wild-type ermR with AermR::aph of pAR13. Strain AR1850, which was also obtained by recombination with pAR13, displayed two predominant hybridization signals, i.e., one corresponding to the wild-type allele and the other corresponding to the disrupted allele. The weak hybridization signal (Fig. 3) observed for all Kanr strains but absent in the nontransformed strains is the expected size (2.7 kbp) of BamHI-treated vector DNA from pAR13 (also see Fig. 1 ). 4 . Chromosome arrangement at ermR. Configurations were deduced from the restriction enzyme maps of the integration vectors ( Fig. 1) and the results of Southern blot analyses (Fig. 3) . Symbols are as in Fig. 1 . Numbers below the maps are the sizes (in kilobase pairs) of the respective BamHI (B) and XhoI (X) fragments observed in Fig. 3 . S, Sacl. clease (XhoI) was used in Southern blot analysis to further characterize the ermR region. These data confirmed that pAR13 vector sequences were present in the recombinant genomes as a likely consequence of a single cross-over event. Figure 4 summarizes the deduced organization of the ermR region of each strain. The AR1848 and AR1849 configurations appear to arise by integration, with subsequent sequence conversion of ermR to AermR::aph. These data account for the growth properties shown in Fig. 2 .
Using this approach, ermR-encoded methyltransferase was shown to be the only determinant of MLS resistance in A. erythreum. This strategy is similar to that used for other microorganisms, whereby recombinants are selected by using a tagged gene carried on a plasmid (9, 25, 26 
